Magmatic processes leading to granitoid formation are of relevance to the evolution of continental crust and its mineralization. A comprehensive study of field observations with whole-rock and in situ mineral chemical and isotopic compositions was carried out on granitoids, mafic microgranular enclaves (MME) and country-rock xenoliths (CRX) from Tonglu, South China to constrain the magmatic processes operating. Zircon U-Pb geochronology indicates that the MME and granitoids formed coevally at $130 Ma. Petrographic observations suggest that the MME are quenched mafic clots formed during incomplete magma mixing. The different zircon Hf isotopic compositions of the MME (e Hf (t) ¼ -4Á0 to -0Á7) and the host granitoids (e Hf (t) ¼ -8Á1 to -1Á7) indicate mingling between mafic and felsic magmas from different sources. The CRX are composed of fresh cores and dark rims. The pyroxene-rich fresh cores are depleted in Rb, Ba and K while the biotite-rich dark rims show obvious enrichments in Rb, Ba and K, indicating modification by hydrous K-rich felsic melts or fluids from the host magma. In contrast, some large CRX have embayed structures and are surrounded by several small, biotite-rich CRX, suggesting disaggregation and modification of large CRX into the host magma. The occurrence of abundant felsic magmatic veinlets in the CRX implies that they could have experienced brittle deformation in the cold shallow crust, which agrees with an emplacement depth of about 5 km estimated using Al-in hornblende geobarometry. Sr ratios in the core (0Á7084-0Á.7086) and significantly more radiogenic Sr at the rim (0Á7097-0Á7112), which is attributed to the assimilation of the country rocks. Core-mantle-rim variations in type IV plagioclase not only record magma recharge events, but also crustal assimilation. Increasing An values and decreasing 87 Sr/ 86 Sr ratios (down to 0Á7075) from core to mantle and significantly more radiogenic Sr (up to 0Á7117) in the outer rim suggest that the recharge event took place prior to the assimilation of ancient crustal Original Article components. Recharge of hot mafic magma into a pre-existing magma chamber will not only increase the temperature of the magma in the chamber, but may also induce intense shattering of the brittle country-rocks, both of which could have enhanced the process of reactive bulk assimilation.
Sr ratios in plagioclase from the Tonglu granitoids vary over a large range (0Á7073-0Á7137) with complex rim-core-rim variations, which resulted from open-system processes. Given the variation in Sr isotopes, four types of plagioclase were identified. Type I plagioclase are homogeneous in terms of 87 Sr/ 86 Sr ratios in the core (0Á7084-0Á.7086) and significantly more radiogenic Sr at the rim (0Á7097-0Á7112), which is attributed to the assimilation of the country rocks. Core-mantle-rim variations in type IV plagioclase not only record magma recharge events, but also crustal assimilation. Increasing An values and decreasing 87 Sr/ 86 Sr ratios (down to 0Á7075) from core to mantle and significantly more radiogenic Sr (up to 0Á7117) in the outer rim suggest that the recharge event took place prior to the assimilation of ancient crustal
INTRODUCTION
Granitoids are the defining components of the Earth's felsic continental crust relative to other terrestrial planets (Campbell & Taylor, 1983; Kemp & Hawkesworth, 2003; Kemp et al., 2007) . The petrogenesis of such granitoids is of relevance to the evolution of the continental crust (Allè gre & Othman, 1980; Kemp & Hawkesworth, 2003; Hawkesworth & Kemp, 2006) and the formation of economically significant mineral resources such as W, Sn, Au Cu, Pb, Zn (Mao et al., 2008; Xie et al., 2013; Delibas¸et al., 2016) .
A long-standing debate regarding the magmatic processes leading to granitoid formation is whether they occur in open-or closed-systems. Hybridization of granitoids via open-system processes including magma recharge and crustal assimilation are common in felsic magma chambers. They can affect the composition, temperature and oxygen fugacity of the magma system, thus affecting the distribution of trace elements. Various models (e.g. recharge, assimilation and fractional crystallization (RAFC) model) have been proposed to quantify the hybridization of magmas (DePaolo, 1981; Spera & Bohrson, 2001 . It is essential to trace not only the processes in the source region, but also the interaction of pre-existing magma with recharge magma and the country rocks at the emplacement depth (Saito et al., 2007; Zhang et al., 2016; Fisher et al., 2017) . These hybrid processes leave geochemical and mineralogical fingerprints in an evolving magma (Saito et al., 2007; Ginibre & Davidson, 2014; Zhang et al., 2016) . These processes are recorded in detail by chemical and isotopic heterogeneities at grain-and sometimes sub-grain scales (Tepley et al., 2000; Sun et al., 2010) which can be revealed by spatially controlled micro-analyses, using either laser ablation methods or micro-drilling followed by conventional analysis (Davidson et al., 2001; Griffin et al., 2002; Fisher et al., 2017) . Combination of in situ isotopic and element data with petrographic observations afford a deeper insight into the nature of magma sources and magma generation processes (Davidson & Tepley, 1997; Tepley et al., 2000; Davidson et al., 2001; Griffin et al., 2002; Gagnevin et al., 2005; Yang et al., 2007b; Alves et al., 2009; Zhang et al., 2015) compared to classic geochemical or isotopic studies performed at whole-rock scale.
In situ Sr isotope analysis of plagioclase is a useful tool for unraveling the origin and evolution of magmas (Tepley & Davidson, 2003; Davidson et al., 2007; Pietranik & Waight, 2008; Alves et al., 2009) . Plagioclase is a common mineral in mafic to felsic magmas, and the slow CaAl-NaSi diffusion allows plagioclase zoning to be well preserved (Grove et al., 1984; Berlo et al., 2007; Shcherbakov et al., 2011) . Therefore, using a combination of morphological, chemical and Sr isotopic characteristics of plagioclase can record the complete processes of long-lived magma evolution (Gagnevin et al., 2005; Davidson et al., 2007; Ginibre & Davidson, 2014) .
In this study, we combine field observations with whole-rock and in situ mineral chemical and isotopic compositions to constrain in detail the hybridization processes operating in enclave-bearing granitoids from Tonglu, South China. In particular, we show that the elemental and Sr isotopic zonation of plagioclases can effectively trace the characteristics of the primitive magma end-members and highlight any reactive bulk assimilation.
GEOLOGICAL BACKGROUND
The South China Block (SCB) is a segment within the eastern margin of Eurasia and was the upper plate during the westward Andean-style subduction of the PaleoPacific plate during the late Mesozoic. The history of this continental upper plate is complex. It comprises the Yangtze Block in the northwest and the Cathaysia Block in the southeast (Fig. 1) , separated by the deep-seated Jiangshan-Shaoxing Fault Zone (Fig. 1) . The Yangtze and Cathaysia Blocks have distinctive crustal ages and tectonic histories (Qiu et al., 2000) . They were thought to have been amalgamated at c. 1Á1-0Á9 Ga (Chen & Jahn, 1998; Ye et al., 2007) or c. 0Á87-0Á82 Ga (Wang et al., 2006) associated with the formation of the supercontinent Rodinia. The basement rocks of the Yangtze Block, ranging from Archean to Proterozoic, are mainly exposed in the western regions of block, such as the Kongling, Kangding and Dahongshan areas (Qiu et al., 2000) . However, the Precambrian rocks within the Cathaysia Block mostly give Proterozoic ages; no Archean basement has yet been reported (Chen & Jahn, 1998) . The subduction of the Paleo-Pacific plate under the SCB resulted in large-scale magmatism during the Cretaceous (Chen et al., 2000; Zhou & Li, 2000; Wong et al., 2011) . Amounts of A-type granite and mafic rocks have been discovered in the Ganzhou-Hangzhou belt (include South Anhui, West Zhejiang and East Jiangxi) (Fig. 1b) , suggesting an extensional setting in the Early Cretaceous (125-135 Ma) (Yu et al., 2004; Wong et al., 2009; Jiang et al., 2011; Yang et al., 2011 Yang et al., , 2012 .
The Tonglu volcanic-intrusive complex was emplaced in the Ganzhou-Hangzhou belt (West Zhejiang) (Fig. 1b) between 130-135 Ma (Chen et al., 1999; Wong et al., 2011) and corresponded to a period of extension. The Tonglu Basin is a volcanic collapse basin, covering an area of about 460 km 2 , exposed as an ellipsoidal shaped body trending in a NE-SW direction (Fig. 1c) . The complex contains a large section of rhyolitic lavas, overlain by a thick section of rhyodacite. It was intruded by monzodiorite, quartz monzonite and monzonite containing mafic microgranular enclaves (MME) and country-rock xenoliths (CRX) . No age information exists for the monzodiorites and MME.
SAMPLES AND PETROGRAPHY
The Tonglu intrusive suite comprises monzodiorites, monzonites and quartz monzonites, which are well exposed in three active quarries. Forty-five samples were collected from E'shan, Zhongshan and Shixia on the southwest of the intrusion (Fig. 1c) . The intrusion in E'shan is monzonite, in which abundant MME were found ( Fig. 2a and b) . The host monzonite sampled for analysis is from the inner monzonite close to the boundary of an MME, aiming to trace the effect of mixing or mingling on the composition of the host-rocks. The samples collected from Shixia are monzodiorite, in which no MME and CRX were found. The intrusions in Zhongshan are of monzodiorite and quartz monzonite. The quartz monzonites contain some MME and CRX, but these are absent in the monzodiorites. Samples were collected from the inner quartz monzonites and the boundary of CRX and quartz monzonite, aiming to constrain the effect of crustal assimilation on the composition of the host-rock. A summary of the petrographic features of the samples is listed in Table 1. All the samples have similar mineral assemblages (plagioclase, K-feldspar, quartz, amphibole and biotite) but in different mineral proportions. Quartz content increases from the monzodiorite to quartz monzonite, whereas mafic minerals decrease. Amphibole and biotite are common in all samples. Accessory minerals are mainly zircon, apatite, titanite and magnetite. Fig. 2 . Field photographs and photomicrographs showing typical structures and textures of the Tonglu granitoids and MME. (a) stretched MME; (b) abundant MME with spheroidal to ellipsoidal shapes; (c) amphibole in the monzodiorite; (d) plagioclase in quartz monzonite exhibiting complex oscillatory zoning; (e) Micrographic texture of K-feldspar and quartz in the host monzonite; (f) acicular apatite in MME; (g) plagioclase phenocryst in MME; and (h) fine-grained quenched margin between MME and host rock. Kf: K-feldspar; Pl: plagioclase; Bt: biotite; Ap: apatite; Q: quartz.
The MME have spheroidal to ellipsoidal shapes, with sizes ranging from a few centimetres to a metre in the longest dimension, some of which are stretched with large length/width ratios ( Fig. 2a and b) . They show finegrained microgranular textures. MME have similar mineralogical characteristics to their host-rocks, but smaller grains than those of the host monzonite (Fig. 2h) . Compared to the host monzonites, MME contain more mafic minerals and plagioclase. Acicular apatites are widely found in the MME (Fig. 2f) . In contrast, rare CRX (a few decimetres in diameter) were also found in the Tonglu granitoids ( Fig. 3a and c) . They show different petrological features from the host granitoids ( Fig. 3a-d) , with fresh green cores and dark rims (Fig. 3a, c and d) . The green cores are diopside halleflinta containing quartz, plagioclase, pyroxene and secondary minerals such as chlorite, lacking any high pressure metamorphic minerals and structures, and showing distinctive features similar to the basement of this area (e.g. amphibolite, gneiss and granulite) (Zheng & Zhang, 2007) . The dark rims contain more biotite and less pyroxene. Some CRX have an embayed erosional structure (Fig. 3a) and crosscutting felsic magmatic veinlets. Some minerals in the host rock-CRX boundary have been disaggregated and distributed into the host rocks.
ANALYTICAL METHODS
Major and trace elements Bulk-rock major and trace element compositions Whole-rock samples were crushed in a corundum jaw crusher down to 60 mesh size. Approximately 50 g was powdered in an agate ring mill to less than 200 mesh size. The major elements were analysed using a X-ray fluorescence (Shimadzu XRF-1800) at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan (GPMR-CUG). The analytical precision and accuracy for major elements were better than 5%. The sample preparation and analytical procedures were described in detail by Su et al. (2012) . Trace elements were analysed using an Agilent 7700x ICP-MS at GPMR. Approximately 50 mg of each sample was digested in HF þ HNO 3 in Teflon bombs for ICP-MS analysis. The sample-digesting procedure for ICP-MS analysis and the analytical precision and accuracy for trace elements were the same as those described by Liu et al. (2008b) .
Mineral major and trace element analyses
The major and trace element compositions of minerals were measured using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at GPMR-CUG. The operating conditions for LA-ICP-MS are the same as those described by Liu et al. (2008a) . Laser sampling was conducted using a 193 nm ArF excimer laser ablation system (GeoLas 2005, Lambda Physik Gö ttingen, Germany) with a spot size of 44 lm. An Agilent 7500a ICP-MS instrument was used to acquire ion-signal intensities. NIST 610 was analysed every 6 analyses to correct the time-dependent drift of sensitivity and mass discrimination for the element analysis. The element compositions were calibrated against multiple reference materials (BHVO-2G, BCR-2G and BIR-1G) (Liu et al., 2008a) . Offline selection and integration of background and analytical signals and time-drift correction and quantitative calibration were conducted using ICPMSDataCal (Liu et al., 2008a; Lin et al., 2016) . The detailed calibration strategy for accurate LA-ICP-MS analysis of major and trace elements in hydrous silicate minerals was reported in Chen et al. (2014) Zircon U-Pb dating and Hf isotopic analyses Zircons were separated by a conventional mineral separation technique. They were then mounted in epoxy resin and polished. Finally, the zircons were cleaned in a 5% HNO 3 bath with an ultrasonic washer prior to analysis. U-Pb dating and trace element analyses of zircons were performed simultaneously by LA-ICP-MS at GPMR-CUG. The operating conditions for the laser ablation system and the quadrupole ICP-MS instrument were the same as those described by (Liu et al., 2010b) . Laser sampling was conducted using a GeoLas 2005 laser ablation system with a spot size of 32 lm. An Agilent 7500a ICP-MS instrument was used to acquire ion-signal intensities. Zircon standard 91500 was used as an external standard to calibrate isotope fractionation; this was analysed twice for every six analyses. NIST 610 was analysed to correct the time-dependent drift of sensitivity and mass discrimination for the trace element analyses. Offline selection and integration of background and analytical signals and time-drift correction and quantitative calibration were conducted using ICPMSDataCal (Liu et al., 2010b) . The obtained Concordia age of zircon standard GJ-1 (603Á8 6 4Á1Ma, 2r, n¼ 16) agrees well with the preferred ID-TIMS
206
Pb/ 238 U age within analytical uncertainty (599Á8 6 4Á8 Ma (2r); Jackson et al., 2004) .
Zircon Hf isotopic analyses were conducted using a Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) and a GeoLas 2005 laser ablation system at GPMR-CUG. All data were acquired in the single-spot ablation mode using a spot size of 44 lm. The operating conditions for the laser ablation system and the MC-ICP-MS instrument and the analytical methods are the same as those described in detail by Hu et al. (2010) . Off-line selection and integration of analyte signals and mass bias calibrations were performed using ICPMSDataCal (Liu et al., 2010a; Lin et al., 2016) . The obtained zircon Hf isotopic compositions of the standards GJ-1 (0Á282013 6 0Á000006 (2r, n ¼ 8)), Temora-2 (0Á282679 6 0Á000008 (2r, n¼ 8)) and 91500 (0Á282308 6 0Á000005 (2r, n ¼ 19)) agree well with reference values within analytical uncertainty (Woodhead & Hergt, 2005; Blichert-Toft, 2008; Morel et al., 2008) . Nd ¼ 0Á512972 6 0Á000008 (2SE)) agree well with reference values within analytical uncertainty (Raczek et al., 2003) . Details of the Sr-Nd isotopic analysis procedures were reported in Gao et al. (2004) .
Sr-Nd isotopic analyses

In situ Sr isotopic analysis of plagioclase
In situ Sr isotope compositions of plagioclase were determined using a Neptune plus MC-ICP-MS coupled with a GeoLas 2005 laser ablation system at GPMR-CUG. The isotopic data were acquired in static multi-collector mode with low resolution using Faraday collectors and a mass configuration array from 83 Kr to 88 Sr to monitor Kr, Rb, Er, Yb and Sr. Helium was used as the carrier gas and mixed with Ar by a T-connector before entering the ICP. Each spot analysis includes approximately 50 s of background acquisition followed by 50 s of data acquisition for each sample. The gas blank correction was made to eliminate the effect of Kr from the Ar and He supply, as well as the small, persistent yet stable Rb and Sr backgrounds from the torch and cones Rb and the natural isotope ratios of Er and Yb (Berglund & Wieser, 2011 Sr ¼ 0Á1194 using the exponential correction law. Off-line selection and integration of analytical signals and mass-dependent calibrations were performed using ICPMSDataCal (Lin et al., 2016) . The detailed calibration strategy for in situ Sr isotopic analysis by LA-MC-ICP-MS were reported in Tong et al. (2016) .
RESULTS
Whole-rock major and trace element geochemistry Granitoids
Whole-rock major and trace element compositions are listed in Table 2 . The Tonglu Mesozoic granitoids are mainly monzodiorites, monzonites and quartz monzonites with SiO 2 contents ranging from 52Á2 wt % to 67Á6 wt % (Fig. 4a) . All the granitoids have relatively high alkali contents (K 2 O þ Na 2 O ¼ 4Á20-8Á03 wt %), and fall in the field of high-K calc-alkaline series ( Fig. 4c and  d) . Combined with low alumina saturation indices (0Á81 to 1) and the lack of typical peraluminous or alkaline mafic minerals, the monzodiorites, monzonites and quartz monzonites are considered as typical metaluminous I-type granitoids (Fig. 4b) . The monzodiorites have SiO 2 contents ranging from 52Á2 wt % to 56Á4 wt %. (Fig. 4a) All the granitoids are characterized by enrichments in light rare earth elements (LREE) with negative Eu anomalies (dEu ¼ Eu N /(Sm N *Gd N ) 1/2 ) (dEu ¼ 0Á51-0Á82) (Fig. 5a ). Their dEu values decrease with increasing SiO 2 content (0Á70-0Á78 for the monzodiorites, 0Á65-0Á82 for the monzonites and 0Á51-0Á59 for the quartz monzonites, respectively). In primitive mantle-normalized trace element patterns (Fig. 5b) , they show positive anomalies in large ion lithophile elements (LILE, such as Rb, K and Pb), and negative anomalies in high field strength elements (HFSE, such as Nb, Ta and Ti). Compared with the monzonites, the monzodiorites have stronger negative anomalies in Zr, Hf, Nb and Ta, while the quartz monzonites have stronger positive anomalies in Th and U. Furthermore, the total REE contents of the monzodiorites (RREE ¼ 147-170 ppm) are lower than the monzonites and quartz monzonites (RREE ¼ 173-247 ppm)
Mafic microgranular enclaves
The MME from the Tonglu granitoids have SiO 2 contents ranging from 52Á8 wt % to 58Á0 wt % with relatively high alkali contents (5Á52-6Á56 wt %), and plot in the field of high-K calc-alkaline series (Fig. 4) . They have relatively higher MgO (2Á51-3Á97 wt %), Fe 2 O T 3 (7Á36-8Á08 wt %), CaO (4Á68-5Á94 wt %) contents, but lower K 2 O contents (2Á23-3Á02 wt %) than the host-rocks. All the MME are characterized by LREE-enriched REE patterns (Fig. 5c ) and Eu anomalies varying from weak positive to moderate negative (dEu ¼ 0Á68-1Á08).
They have similar trace element patterns to their hostrocks, which are characterized by enrichments in K, Rb and Pb, and depletions in Nb, Ta and Ti (Fig. 5d) . However, they have lower total REE contents (RREE ¼ 129-184 ppm) and HFSE contents than the host granitoids (RREE ¼ 173-247 ppm).
Country-rock xenoliths
Compared with the MME, the CRX have relatively high SiO 2 contents ranging from 65Á3 wt % to 67Á4 wt %, with relatively low alkali contents (1Á0 -4Á7 wt %). They are enriched in LREE with moderate negative Eu anomalies (dEu ¼ 0Á58-0Á61) (Fig. 5e) . In primitive mantlenormalized trace element diagrams, they are characterized by depletions in Rb, Ba and K, and enrichments in Th, U and Pb ( Fig. 5d and f) . In contrast, except for Rb, Ba and K, the dark rims of the CRX have similar REE and trace element patterns to the fresh cores. The dark rims are characterized by enrichments in Rb, Ba, K compared with the fresh cores ( Fig. 5f ).
Whole rock Sr-Nd isotopic compositions
Whole rock Sr-Nd isotopic compositions are listed in Table 3 . Initial Sr-Nd isotopic compositions were 52Á21  53Á17  54Á37  55Á04  56Á41  67Á62  67Á31  64Á00  66Á85  67Á34  TiO 2  1Á15  1Á17  1Á09  1Á07  1Á03  0Á53  0Á52  0Á66  0Á51  0Á51  Al 2 O 3  16Á51  15Á89  16Á32  16Á38  16Á39  14Á88  14Á78  15Á74  15Á02  14Á94  Fe 2 O   T  3   9Á99  9Á51  9Á32  8Á16  7Á93  3Á72  3Á82  4Á83  3Á72  3Á68  MnO  0Á16  0Á15  0Á14  0Á14  0Á14  0Á09  0Á08  0Á10  0Á08  0Á08  MgO  4Á27  4Á29  3Á54  3Á52  3Á18  1Á03  0Á98  1Á34  0Á99  0Á96  CaO  6Á75  7Á47  6Á00  6Á13  6Á03  2Á45  2Á70  3Á24 Ba  350  336  554  517  353  703  611  692  647  669  La  27Á2  2 Sm  6Á38  7Á14  6Á31  6Á45  7Á40  8Á08  8Á16  8Á52  8Á05  7Á96  Eu  1Á60  1Á71  1Á54  1Á49  1Á59  1Á34  1Á27  1Á49  1Á29  1Á28  Gd  5Á99  6Á82  5Á87  5Á80  6Á41  7Á17  7Á07  7Á04  6Á96  6Á89  Tb  0Á94  1Á08  0Á93  0Á94  1Á01  1Á21  1Á19  1Á16  1Á18  1Á15  Dy  5Á38  6Á56  5Á62  5Á47  6Á08  7Á41  7Á61  7Á11  7Á38  7Á07  Ho  1Á10  1Á23  1Á09  1Á06  1Á18  1Á54  1Á52  1Á43  1Á47  1Á42  Er  2Á97  3Á26  2Á99  2Á92  3Á20  4Á13  4Á35  4Á00  4Á10  4Á16  Tm  0Á44  0Á49  0Á45  0Á44  0Á46  0Á68  0Á69  0Á62  0Á66  0Á63  Yb  2Á87  3Á07  2Á78  2Á90  3Á21  4Á49  4Á42  4Á00  4Á31  4Á15  Lu  0Á42  0Á44  0Á43  0Á42  0Á48  0Á65  0Á63  0Á57  0Á66  0Á64  Hf  2Á44  2Á79  3Á53  3Á54  3Á29  6Á15  6Á17  5Á97  5Á99  5Á83  Ta  0Á82  0Á74  0Á81  0Á81  0Á99  1Á67  1Á61  1Á30  1Á49 
Zircon U-Pb geochronology and Hf isotopic composition Zircon U-Pb geochronology
Representative CL images of zircons selected for U-Pb dating are shown in Fig. 6 . Zircon U-Pb ages are summarized in Supplementary Data Table S1 ; supplementary data are available for downloading at http://www. petrology.oxfordjournals.org and shown in Fig. 7 . 65Á93  63Á46  59Á21  59Á03  58Á47  58Á49  59Á53  53Á92  52Á76  54Á00  TiO 2  0Á50  0Á70  0Á95  0Á98  1Á02  1Á00  0Á99  0Á97  0Á99  0Á91  Al 2 O 3  15Á26  15Á76  17Á00  16Á26  16Á30  16Á23  16Á40  16Á12  16Á40  15Á82  Fe 2 O   T  3   3Á64  5Á08  6Á42  6Á77  6Á92  7Á48  7Á05  8Á10  8Á66  8Á34  MnO  0Á08  0Á10  0Á13  0Á13  0Á13  0Á13  0Á12  0Á18  0Á21  0Á20  MgO  0Á99  1Á38  1Á67  2Á10  2Á13  2Á15  2Á02  3Á64  3Á72  3Á97  CaO  2Á74  3Á32  4Á40  4Á46  4Á77  4Á52  4Á89  6Á77 Sm  8Á05  8Á88  8Á75  9Á66  8Á45  8Á50  7Á38  5Á65  6Á89  8Á58  Eu  1Á28  1Á49  2Á19  1Á93  2Á06  1Á78  1Á77  1Á96  2Á05  1Á90  Gd  6Á78  7Á57  7Á61  8Á41  7Á39  7Á60  6Á14  5Á43  6Á35  7Á83  Tb  1Á15  1Á23  1Á22  1Á35  1Á17  1Á25  0Á98  0Á88  1Á03  1Á26  Dy  7Á33  7Á66  7Á28  7Á92  6Á85  7Á42  5Á82  5Á25  6Á13  7Á65  Ho  1Á45  1Á49  1Á35  1Á50  1Á39  1Á46  1Á17  1Á07  1Á18  1Á48  Er  4Á12  4Á19  3Á81  4Á15  3Á67  3Á94  3Á32  2Á96  3Á30  4Á06  Tm  0Á64  0Á64  0Á58  0Á62  0Á54  0Á59  0Á52  0Á44  0Á48  0Á59  Yb  4Á16  4Á18  3Á68  3Á95  3Á59  3Á78  3Á28  3Á00  3Á05  3Á97  Lu  0Á62  0Á63  0Á53  0Á57  0Á51  0Á59  0Á50  0Á43  0Á44  0Á58  Hf  5Á72  6Á57  6Á12  6Á00  6Á06  4Á61  5Á08  4Á08  4Á53  3Á48  Ta  1Á50  1Á37  1Á17  1Á12  1Á07  1Á05  1Á19  0Á58  0Á59 2Á04  1Á79  2Á09  2Á05  0Á89  1Á23  1Á45  P  REE  207  230  204  247  211  204  173  129  148 
Zircons from the monzodiorites (12TL-26) are euhedral to subhedral, transparent, ranging mostly from 50 to 200 lm in length, and have length to width ratios between 1:1 and 4:1. Their regular oscillatory magmatic zoning and striped absorption (Fig. 6 ) and high Th/U ratios (0Á7-1Á1) indicate a magmatic origin. No inherited core were observed. U-Pb analyses plot in a group on the Concordia curve and yield a weighted mean 206 Pb/ 238 U age of 130Á0 6 1Á3 Ma (MSWD ¼ 1Á9, 2r, n ¼ 32) (Fig. 7) . This age is interpreted as the best estimate of the crystallization age for the monzodiorite.
Zircons from the monzonites (14TL-54) are euhedral to subhedral, 50 to 400 lm in length with a length to width ratio of about 1:1 to 7:1. Their regular oscillatory magmatic zoning and striped absorption (Fig. 6 ) and high Th/U ratios (0Á22 to 0Á73) indicate a magmatic origin. All the analyses have indistinguishable U-Pb isotopic compositions within analytical uncertainty, and correspond to a weighted mean 206 Pb/ 238 U age of 129Á4 6 1Á4 Ma (MSWD ¼ 1Á2, 2r, n ¼ 33) (Fig. 7) . This age is interpreted as the best estimate of the crystallization age for the monzonites. 53Á24  57Á31  57Á98  59Á77  54Á86  62Á74  65Á34  64Á72  65Á78  TiO 2  0Á98  0Á95  1Á03  0Á72  0Á95  0Á65  0Á60  0Á63  0Á57  Al 2 O 3  16Á58  16Á91  16Á22  16Á97  17Á65  15Á62  13Á54  14Á43  12Á75  Fe 2 O   T  3   8Á29  7Á36  7Á73  7Á20  8Á57  6Á22  4Á06  3Á75  5Á31  MnO  0Á19  0Á15  0Á15  0Á04  0Á09  0Á16  0Á19  0Á07  0Á31  MgO  3Á51  2Á51  2Á54  2Á23  3Á24  2Á63  1Á86  1Á95  2Á47  CaO  6Á23  5Á21  4Á68  4Á99  5Á96  5Á31  12Á58  8Á57  9Á80  Na 2 O  3 Á38  3Á52  3Á54  3Á60  3Á80  3Á33  0Á86  3Á96  1Á58  K 2 O  2 Á39  2Á85  3Á02  1Á45  2Á94  0Á65  0Á14  0Á74  0Á15  P 2 O 5  0Á27  0Á35  0Á30  0Á15  0Á17  0Á13  0Á18  0Á16  0Á16  LOI  3Á50  2Á23  2Á43  1Á12  0Á94  0Á60  0Á45  0Á86 Sm  7Á05  7Á20  8Á50  7Á10  5Á37  6Á61  6Á30  7Á58  7Á14  Eu  2Á08  1Á82  1Á78  1Á35  1Á88  1Á20  1Á16  1Á40  1Á21  Gd  6Á27  6Á99  7Á60  5Á86  4Á58  5Á27  5Á56  6Á48  5Á82  Tb  0Á98  1Á13  1Á25  0Á93  0Á67  0Á84  0Á86  1Á03  0Á97  Dy  5Á98  6Á71  7Á42  5Á67  4Á18  5Á15  5Á17  6Á29  6Á02  Ho  1Á14  1Á33  1Á46  1Á09  0Á82  1Á03  1Á08  1Á26  1Á20  Er  3Á05  3Á77  3Á94  3Á13  2Á31  2Á88  3Á21  3Á56  3Á33  Tm  0Á48  0Á55  0Á59  0Á49  0Á37  0Á48  0Á46  0Á56  0Á49  Yb  2Á91  3Á67  3Á78  3Á06  2Á49  2Á94  3Á15  3Á66  3Á27  Lu  0Á43  0Á54  0Á59  0Á47  0Á40  0Á44  0Á45  0Á53  0Á49  Hf  4Á19  2Á77  4Á61  4Á70  6Á34  3Á85  5Á69  5Á27  5Á42  Ta  0Á59  1Á02  1Á05  1Á38  1Á00  1Á16  1Á37  1Á42 
Zircons from the quartz monzonites (12TL-06) are euhedral to subhedral, transparent, ranging mostly from 50 to 300 lm in length, and have length to width ratios between 1:1 and 5:1. Their regular oscillatory magmatic zoning and striped absorption (Fig. 6 ) and high Th/U ratios (0Á29-0Á95) indicate a magmatic origin. The analyses are concordant and correspond to a weighted mean 206 Pb/ 238 U age of 129Á4 6 1Á4 Ma (MSWD ¼ 2Á6, 2r, n ¼ 21) (Fig. 7) . This age is interpreted as the best estimate of the crystallization age for the quartz monzonites.
Zircons from the MME (12TL-18) are relatively small, mostly between 50 and 150 lm. Their regular oscillatory magmatic zoning and striped absorption (Fig. 6 ) and high Th/U ratios (0Á49-1Á33) indicate a magmatic origin. U-Pb isotopic analyses plot in a group on the Concordia curve and yield a weighted mean 206 Pb/ 238 U age of 131 6 1 Ma (MSWD ¼ 0Á86, 2r, n ¼ 20) (Fig. 7) . This age is interpreted as the best estimate of the crystallization age of the MME.
Zircon Hf isotopic compositions
In situ Hf isotopic compositions of zircons are shown in Supplementary Data Zircons from the MME display different Hf isotopic compositions compared with their host monzonites (Fig. 8) . They are characterized by relatively homogeneous zircon Hf isotopic compositions ( 176 Hf/ 177 Hf ratios ¼ 0Á282561-0Á282677), with e Hf (t) values (-0Á7 to -4Á0) and a maximum peak at -1. Calculated two-stage T DM2 values vary from 1Á09 Ga to 1Á28 Ga.
Chemical and Sr isotopic compositions of plagioclase
The 87 Sr/ 86 Sr compositions of plagioclase vary in a wide range from 0Á7073-0Á7137 (Tables 4-6; Fig. 9 ). (Peccerillo & Taylor, 1976 (Tables 4 and 5 ; Fig. 9 ). Based on the rim-core-rim variation of 87 Sr/ 86 Sr, four types of plagioclase were identified in the Tonglu granitoids. Sm/ 144 Nd ratios of chondrite and depleted mantle at the present day are 0Á512638 and 0Á1967, 0Á513151 and 0Á2136, respectively (Miller & O'Nions, 1985) .
Type I plagioclase is widely distributed in all rock types of the Tonglu granitoids. They are homogeneous in terms of 87 Sr/ 86 Sr, considering the analytical uncertainty, and have normally zoned chemical compositions, i.e. An content decreases from the core to the rim ( Fig. 9; (Tables 4 and 5) .
Type II, III and IV plagioclases are found only in the quartz monzonite. Type II plagioclase is characterized by an n-shaped pattern in terms of 87 Sr/ 86 Sr decreasing from core to rim, and shows reversely zoned chemical compositions, i.e. An value increases abruptly from An 30 to An 60 from core to mantle and then decreases from mantle to rim (Table 5 ; Fig. 9 ). An content and FeO content of the type II plagioclase varies coherently, FeO content increases from 0Á23 to 0Á70 wt % from core to mantle and then decreases from mantle to rim ( Sr increasing from core to rim, and shows normally zoned chemical compositions (Fig. 9) . The high-An-FeO core ($An 60 ; FeO ¼ 0Á22À 0Á38 wt %) has a constant Sr isotope composition of 0Á7084-0Á7086, whereas the low-An-FeO rim ($An 30 ; FeO ¼ 0Á18-0Á20 wt %) exhibits significantly higher 87 Sr/ 86 Sr of 0Á7097-0Á7112 (Table 6 ; Fig. 9 ). The Type III plagioclase is found in the quartz monzonite in contact with a CRX (Fig. 9) . Type IV plagioclase is characterized by a 'w' shape in terms of 87 Sr/ 86 Sr variation from core to rim and shows reversely zoned chemical compositions; it looks like a combination of type II and type III plagioclase (Fig. 9) (Fig. 9) . The FeO content of the type IV plagioclase increases from 0Á.17 to 0Á48 wt % from core to mantle and then decreases from mantle to rim; FeO varies coherently with An content (Table 6) .
Plagioclases from the MME are small grains with They have relative low Sr (359-417 ppm) and high Pb contents (59Á6-66Á9 ppm) (Table 5) .
Emplacement depth and temperature
Al-in hornblende geobarometry could provide direct information on the depth of emplacement (Ague & Brandon, 1992; Wei et al., 2014) . To estimate the depth of emplacement, amphiboles were analysed from the MME, representative high-Si quartz monzonite and low-Si monzodiorite (Table 7 ). All the samples have the mineral assemblage quartz, plagioclase, hornblende, K-feldspar, biotite, titanite and magnetite, conforming to the prerequisite conditions for Al-in hornblende geobarometry (Schmidt, 1992; Anderson & Smith, 1995) . Therefore, magma emplacement depths were estimated applying the temperature-corrected Al-in hornblende geobarometer (Anderson & Smith, 1995) and a conversion factor of 1 GPa ¼ 33 km for continental crust (Table 7) . Temperature was calculated based on coexisting hornblende (Hb) and plagioclase (Pl) using the thermometer of Holland & Blundy (1994) . Because the core of the amphibole did not crystallize in equilibrium with nine phases at a temperature close to the solidus, only the rim compositions were considered in order to estimate the equilibrium pressure (Hollister et al., 1987; Schmidt, 1992) . Thus, the variation in Al content of the amphibole from the monzodiorite cannot be used to reconstruct the pressure evolution during magmatic processes. The rim compositions of amphibole from the monzodiorite were used to calculate the equilibrium pressure. In addition, amphibole grain sizes in the quartz monzonite and the MME are smaller than those in the monzodiorite and show no core-rim variation in Al content. They can be used to estimate the equilibrium pressure directly. The estimated average Hb-Pl temperatures of the host quartz monzonite, MME and monzodiorite are 684 C, 727 C and 753 C, respectively ( Table 7) . The estimated average depths of the magma chamber for the host quartz monzonite, MME and monzodiorite are 6Á6 km, 4Á4 km and 10Á5 km, respectively (Table 7) .
DISCUSSION
Magma sources of the Tonglu granitoid
The combination of low alumina saturation index (0Á81 to 1) and petrological features (occurrence of amphibole and lack of peraluminous or alkaline mafic minerals) suggests that the Tonglu granitoids are typical metaluminous I-type granitoids (Fig. 4b) . They have low Nb/U (4Á9-9Á8) and Ce/Pb (3Á1-5Á9) ratios, and show positive anomalies in LILE (e.g. Rb, K and Pb) and negative anomalies in HFSE (e.g. Nb, Ta and Ti) (Fig. 5b) , both of Fig. 7 . Zircon U-Pb Concordia diagrams for samples from the Tonglu granitoids and MME. 12TL-18 is a MME sample; 12TL-26 is a monzodiorite; 14ZJ54 is a monzonite; 12TL-06 is a quartz monzonite.
which are typical features of a continental crustal origin (Rudnick & Gao, 2003) . Combined with their high 87 Sr/ 86 Sr i ($ 0Á708) and low e Nd (t) values ($ -5Á6), we suggest that these granitoids could have been derived from melting of ancient continent crust. However, most granitoids have higher Mg# values than those generated solely by partial melting of crustal material (Pati no Douce & Johnston, 1991; Rapp & Watson, 1995; Sisson et al., 2005) . In particular, the low-Si monzodiorites have high Mg # and overlap with Early Cretaceous basaltic magmatic rocks from the eastern Yangtze Block (Cui et al., 2011; Yu et al., 2004) in a plot of Mg# vs SiO 2 (Fig. 10) . Mg# is a useful parameter for discriminating magma of purely crustal origin from those that have involved a mantle-derived component (Jiang et al., 2013; Liu et al., 2014) . Therefore, the high-Mg# characteristics of the Tonglu granitoids implies addition of mantlederived mafic components. Applying a binary mixing model, the proportion of mantle and crustal components involved in the genesis of the Tonglu granitoids can be estimated. The $135Ma Xiangshan rhyodacite in the east Yangtze Block show features of partial melting of a crustal source without addition of mantle-derived components (Jiang et al., 2005; Yang et al., 2011) , while the Early Cretaceous Liucheng basalt exhibits relatively less crustal contamination in contrast to other contemporary basalts in this area (Cui et al., 2011) . Using these igneous rocks as the end-members of the crustal melt and mantle-derived melt respectively, our model calculations show that about $40% basaltic and $60% felsic compositions could have been involved in the genesis of the Tonglu granitoids (Fig. 11) .
Constraints on magma recharge
Petrogenesis of the MME: implication for magma mixing Various models have been proposed to explain the origin of MME. These models can be classified into two types: open-system processes and closed-system processes. In closed-system processes, MME are considered to be restite fragments transported from the source region of the granitoid magma (Chappell & White, 1974 , 1992 Chappell et al., 1987) or cognate fragments of early-formed crystals from the host magma (Dahlquist, 2002; Ilbeyli & Pearce, 2005; Shellnutt et al., 2010) . In open-system processes, MME are considered to be quenched globules of a more mafic magma with a higher temperature that were injected into and mixed or mingled with felsic magma (Vernon, 1984; Griffin et al., 2002; Barbarin, 2005; Yang et al., 2007a, b; Sun et al., 2010; Liu et al., 2013; Farner et al., 2014) . In the last few years, mixing or mingling of mafic magma and felsic magma has been widely suggested to explain the genesis and evolution of MME (Griffin et al., 2002; Barbarin, 2005; Yang et al., 2007a, b; Liu et al., 2013; Farner et al., 2014) .
The Tonglu granitoids and MME have the same zircon U-Pb age (130 Ma) within analytical uncertainty (Fig. 7) and similar geochemical and mineralogical characteristics (Fig. 2h) . The MME show typical igneous textures such as interstitial and poikilitic minerals with oscillatory zoning (Fig. 2d and h ), suggesting that they are not restite fragments with a metamorphic or metasedimentary fabric (Chappell et al., 1987) . Moreover, they have similar trace element patterns to the host-rocks ( Fig. 5b and d) , being enriched in K, Rb and Pb, and depleted in Nb, Ta and Ti. These features imply that the MME could have a cognate origin (i.e. closed-system processes) or an origin by magma mixing (i.e. open-system processes). However, the lack of cumulate textures in the MME is difficult to explain in terms of a simple cognate origin model ( Fig. 2f and g) . Moreover, the different zircon Hf isotopic compositions of the Tonglu granitoids and MME also preclude a simple origin by closed-system fractionation (Fig. 8) . Furthermore, MME that formed by melt segregation due to immiscibility should have higher HFSE (such as Zr, Ta and Ti) and REE contents than the host rocks (Watson, 1976) , which is inconsistent with the geochemical characteristics of the Tonglu granitoids and MME ( Fig. 5a-d ). As such, we conclude that the Tonglu MME could not have been formed by closed-system processes.
Several lines of evidence show that the Tonglu MME were generated via mixing and/or mingling between a Fig. 8 . Relative probability plots for e Hf (t) values of zircons from the host granitoids and MME. Data for the host granitoid are from 14ZJ54 in this study and HC01 by Wong et al. (2011) ; data for MME are from 12TL-18 in this study. mafic magma and a host felsic magma. Petrologically: (1) the Tonglu MME have spheroidal to ellipsoidal shapes and some are even stretched with large length/ width ratios which suggest that they deformed plastically within a convective magma body (Fig. 2a) ; (2) the presence of plagioclase xenocrysts in the MME (Fig. 2g) suggests that there was only a small rheological difference between the two magmas, and this enabled the exchange of crystals between the host magma and the mafic magma (Barbarin & Didier, 1992; Yang et al., 2015) ; and (3) the MME and host granitoids also have igneous mineral assemblages and show textural evidence for disequilibrium, such as acicular apatite and micrographic intergrowths of K-feldspar and quartz (Fig. 2e) , which are considered as indicative of chemical and thermal changes in the magma, and thus imply magma mixing (Wyllie et al., 1962; Baxter & Feely, 2002) . Geochemically, the zircon Hf isotopic compositions of the Tonglu granitoids and MME support the magma mixing model. Zircon is a refractory accessory phase in igneous rocks with the capacity to preserve a record of magmatic events through in situ Hf-isotope measurements (Griffin et al., 2002; Harley & Kelly, 2007; Yang et al., 2007b; Liu et al., 2013; Chen et al., 2016) . Zircons from the Tonglu granitoids and MME show different Hf isotopic characteristics (Fig. 8) . The MME have a narrow range of Hf isotopic compositions with e Hf (t) values (-4Á0 to -0Á7) that vary over a total range of 3Á3 e Hf units (Supplementary Data Table S2 ). The narrow ranges in zircon Hf isotopic compositions suggest that 0Á00354  0Á00001  0Á70868  0Á00005  14ZJ59-1-2  0Á70851  0Á00004  0Á00304  0Á00002  0Á70850  0Á00004  14ZJ59-1-3  0Á70879  0Á00005  0Á00344  0Á00001  0Á70878  0Á00005  14ZJ59-1-4  0Á70864  0Á00006  0Á01486  0Á00020  0Á70861  0Á00006  14ZJ59-1-5  0Á70849  0Á00008  0Á01321  0Á00010  0Á70847  0Á00008   12TL-03-1  0Á70743  0Á00005  0Á02912  0Á00104  0Á70738  0Á00005  12TL-03-2  0Á70741  0Á00005  0Á03174  0Á00054  0Á70735  0Á00005  12TL-03-3  0Á70734  0Á00006  0Á11203  0Á00293  0Á70713  0Á00006   15TL-12-08-01  0Á70730  0Á00004  0Á04663  0Á00279  0Á70721  0Á00004  15TL-12-08-02  0Á70732  0Á00005  0Á02408  0Á00057  0Á70728  0Á00005  15TL-12-09-01  0Á70805  0Á00005  0Á02979  0Á00018  0Á70800  0Á00005  15TL-12-09-02  0Á70800  0Á00007  0Á17169  0Á00499  0Á70768  0Á00007  12TL-17-1  0Á70688  0Á00007  0Á10180  0Á00259  0Á70669  0Á00007  12TL-17-2  0Á70822  0Á00007  0Á02111  0Á00073  0Á70818  0Á00007  12TL-17-3  0Á70882  0Á00009  0Á00656  0Á00005  0Á70881  0Á00009   14ZJ58-2-1  0Á71327  0Á0001  0Á15763  0Á00130  0Á71297  0Á00014  14ZJ58-2-2  0Á71344  0Á0002  0Á04994  0Á00065  0Á71335  0Á00020  14ZJ58-1-1  0Á71369  0Á0001  0Á02495  0Á00137 0Á71364 0Á00014 
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the melts that crystallized to form the MME were relatively primitive. Compared with the MME, the host granitoids exhibit highly variable Hf isotopic compositions with e Hf (t) values (-8Á1 to -1Á7) that vary over a total range of 6Á4 e Hf units which implies a greater crustal component (Supplementary Data Table S2 ). The Hf isotopic characteristics of the MME and host granitoids are consistent with mingling and, or, mixing between mafic magma and evolved felsic magma. During magma mixing, chemical diffusion would modify the primitive composition of the MME-forming magma. As such, the differences in major elements and similarities in trace element and isotopic compositions of the MME and the host-rocks could have resulted from their different diffusion rates (Table 3 ; Figs 4 and 5). The MME and low-Si monzodiorites may represent crystallization products of the same magma which has the same e Nd (t) value (-4Á7) and is higher than the high-Si host rocks (-5Á3 to -5Á6) (Fig. 12) . However, the 87 Sr/ 86 Sr i (0Á7082) of the MME is similar to that of the host rocks (0Á7080-0Á7085) but higher than the monzodiorites (0Á7074) (Fig. 12) . This feature indicates that Sr isotopes may equilibrate more rapidly than Nd isotopes, as suggested previously (Pin et al., 1990; Liu et al., 2013) . A combination of petrological features and Sr-Nd isotopic compositions implies that the MME are residual mafic globules that formed during magma mingling and mixing and were modified by diffusion equilibration. In addition, variable An contents (31-50) and 87 Sr/ 86 Sr ratios (0Á7073-0Á7085) in small size plagioclases from the MME also imply magma mixing and chemical diffusion.
Recharge event recorded in plagioclase
The composition and stability of plagioclase depend on pressure, temperature and melt composition (Putirka, 2005; Ginibre & Wö rner, 2007; Lange et al., 2009; Ustunisik et al., 2014) . A recharge event involving mafic magma injecting into felsic magma will lead to a sudden change in the intensive parameters of the melt, yielding disequilibrium features in mineral textures and chemical compositions, including mineral dissolution, reaction and formation of overgrowth rims on preexisting plagioclase, as well as elemental and Sr isotopic zonation (Davidson & Tepley, 1997; Tepley et al., 2000; Ginibre & Wö rner, 2007; Streck, 2008; Ginibre & Davidson, 2014) . Therefore, mineral textures and chemical zonation can be used to constrain the recharge event in magma chambers (Streck, 2008; Alves et al., 2009; Costa et al., 2010; Cao et al., 2014; Chen et al., 2016) .
Petrographic observations show that most plagioclase crystals in our study are fresh (Figs 2d and 9) . The good correlation between immobile elements (e.g. La) and fluid-mobile elements (e.g. An content, a combination of Ca, Na and K) of plagioclase is regarded as secondary evidence which also suggests negligible influence of alteration (Fig. 13 ). As such, plagioclase zonation should represent physical or chemical changes in the magma chamber. Plagioclase in the Tonglu granitoids shows sieve-textures, resorption surfaces and oscillatory zoning (Fig. 2d) , and exhibits complex chemical and isotopic zonation (Fig. 9) . In addition to mixing process in an open-system, the observed normal, reverse and oscillatory (in An content) zoned plagioclase (Fig. 9 ) could also be generated by a closedsystem process such as stirring by convection and decompression-driven crystallization (Blundy et al., 2006; Ustunisik et al., 2014) . However, decompressiondriven crystallization and convective stirring cannot affect the Sr isotopic composition of a magma. The 87 Sr/ 86 Sr of plagioclase in the Tonglu granitoids varies over a large range (0Á7073-0Á7137), with complex rimcore-rim variations (Fig. 9) We consider that the largescale Sr isotopic variations in plagioclase result from open-system processes. Change in the dissolved H 2 O content of the magma is expected to drive significant changes in the composition of plagioclase, and the solubility of water depends on pressure (Ginibre & Wö rner, 2007; Lange et al., 2009) . Decompression of a water-saturated melt will result in degassing and a decrease of An content in plagioclase (Blundy & Cashman, 2005) , whereas decompression of a waterundersaturated melt will cause dissolution of plagioclase and an increase of its An content (Nelson & Montana, 1992) . Ustunisik et al. (2014) proposed that the magnitude of the effect of decompression-driven crystallization is of the order of 3 mol% An per kbar.
Thus abruptly large spikes in An contant from core (30) to mantle (60) should require a sudden change in pressure of up to 10 kbar ($33 km), which is unlikely in the Tonglu granitoids. The abruptly large spikes in An value in reverse zoned plagioclase have generally been attributed to the recharge of mafic magma injecting into felsic magma (Tepley et al., 2000; Shcherbakov et al., 2011) . In contrast, Fe is a variable valence element and thus the oxygen fugacity of a magma can change the meltplagioclase partitioning of Fe but not other elements (e.g. Ca, Mg) (Wilke & Behrens, 1999) . Furthermore, the effect of plagioclase crystallization can result in Ca depletion in the residual melt, but not its Fe content. Thus, a magma recharge event will change the melt composition and result in a strong correlation between An and FeO content whereas variations in oxygen fugacity or plagioclase crystallization cannot cause this correlation (Ginibre & Wö rner, 2007; Ruprecht & Wö rner, 2007) . In this study, the An and FeO content of individual reversely zoned plagioclase varies coherently (Table 6 ; Fig. 9 ). The obvious positive correlations between An content and FeO content in plagioclase indicate an open-system process could have been caused by a magma recharge event (Fig. 13) . Elemental variation combined with the Sr isotopic composition of discrete zones in plagioclase provide an opportunity to identify magma mixing end-members and to reveal the complexity of magmatic evolution (Davidson & Tepley 1997; Tepley et al., 2000; Pietranik & Waight, 2008; Alves et al., 2009; Ginibre & Davidson, 2014; Chen et al., 2016) . Detailed magmatic processes and magma end-members associated with plagioclase zonation are shown in Fig. 14 Sr compositions of normally zoned type I plagioclases are considered to be the result of normal fractional crystallization of the magma (Fig. 9) . In contrast, the reversely zoned type II and type IV plagioclases (spikes in An content) were formed in the recharge event. The type II plagioclase has radiogenic Sr in the core, and the 87 Sr/ 86 Sr ratio decreases from the core to the rim (Fig. 9) Sr > 0Á7092) (Fig. 14a) 0Á67  0Á67  0Á67  0Á69  0Á69  0Á69  0Á69  0Á69  0Á69  0Á69  T (  C)  749  774  736  730  738  714  725  635  721 697
Pl : the atomic ratio (Na/(Na þ Ca þ K)) of the plagioclase; T: temperature calculated using plagioclase-hornblende geothermometer of Holland & Blundy (1994) ; Depth: emplacement depth estimate from pressure of Anderson & Smith (1995) . Fig. 10 . Mg# vs SiO 2 for the Tonglu granitoids and MME. Also shown are fields of pure crustal partial melts determined in experimental studies on the dehydration melting of low-K basaltic rocks at 8-16 kbar and 1000-1050 C (Rapp & Watson, 1995) , of moderately hydrous (1Á7-2Á3 wt% H 2 O) medium-to high-K basaltic rocks at 7 kbar and 825-950 C (Sisson et al., 2005) , and of pelitic rocks at 7-13 kbar and 825-950 C (Pati no Douce & Johnston, 1991) . The data for the late Cretaceous basaltic rocks in this area are from Cui et al. (2011) and Yu et al. (2004 Sr ratios of plagioclase has been reported by many researchers (Davidson & Tepley, 1997; Tepley et al., 2000; Chen et al., 2016) . Core-mantlerim variations in type IV plagioclase not only record the recharge event, but also record the crustal contamination (Fig. 9) . The albitic core of type IV plagioclase has highly radiogenic Sr ( Sr i values of the host granitoids at Tonglu (0Á7080-0Á7085) ( Fig. 9 ; Tables 3-5). These features indicate that the cores of type IV plagioclase crystallized in the hybrid felsic magma and later than the type II plagioclase cores ( Fig. 14a and b Sr < 0Á7075) (Fig. 9) . These features imply the successive injection of recharge mafic magma with low 87 Sr/ 86 Sr into the magma chamber (Fig. 14b) Fig. 5a ; Tables 2 and 3). Core-mantle variation in radiogenic Sr in the type II and type IV plagioclase demonstrates that the primitive felsic magma and recharge mafic magma are not cognate in origin but derived from distinctive sources. The rim of type IV plagioclase is characterized by extremely high radiogenic Sr (up to 0Á7117) (Fig. 9) . However, no magma end-members with such high 87 Sr/ 86 Sr ratio are recognized in the Tonglu granitoids, except for the CRX (0Á7129). These mantle-rim variations are attributed to crustal contamination, as discussed below.
Crustal contamination enhanced by a recharge event CRX: indicator of crustal contamination
Compared with a recharge of mafic magma injecting into felsic magma, assimilation of country-rock materials into a host magma is a special type of mixing process (Beard et al., 2005; London et al., 2012; Bezard et al., 2014; Ginibre & Davidson, 2014; Li et al., 2015) . This process leaves geochemical and mineralogical traces (e.g. CRX and complex compositional zonation within single crystals) in an evolving magma, which reveal the detailed hybrid history of a magma chamber (Beard et al., 2005; Saito et al., 2007) .
The CRX in granitoids are generally considered as a typical indicator of crustal contamination (Green, 1994; Maas et al., 1997; Beard et al., 2005; Gagnevin et al., 2005; Chappell & Wyborn, 2012) . The CRX in the Tonglu granitoids are characterized by fresh green cores and dark rims (Fig. 3a and c) . The different petrological features of the Tonglu CRX and MME suggest that the CRX were not magmatic globules formed during the mixing or mingling of two magma end-members (Fig. 3e) . The fresh clinopyroxene-rich cores are depleted in Rb, Ba and K, whereas the biotite-rich dark rims show clear enrichment in Rb, Ba and K. The enrichment in Rb, Ba and K of the biotite-rich rims suggests modification by hydrous, K-rich felsic melts or fluids from the host magma (Figs 3e-f and 5f ). This feature indicates that pyroxenes in the CRX were replaced by biotite via hydrationcrystallization reactions (Beard et al., 2005) during the interaction between the CRX and the host magma. In Fig. 11 . e Nd (t) vs 87 Sr/ 86 Sr i for the Tonglu granitoids and MME. Also shown are calculated binary mixing curves between possible mafic and felsic magma end-members (Cui et al., 2011; Yang et al., 2011) . Tick marks represent 10% mixing increments. contrast, some large CRX have embayed erosional structures and are surrounded by several small biotiterich CRX, suggesting disaggregation and modification of large CRX by the host magma (Fig. 3a) . Occurrence of abundant felsic magmatic veinlets in the CRX implies that the CRX could have experienced brittle deformation in the cold shallow crust (Fig. 3b-c) , which agrees well with an emplacement depth of 4Á4-6Á6 km, estimated using Al-in hornblende geobarometry (Schmidt, 1992; Anderson & Smith, 1995) (Table 7) (Table 3) . Based on these petrological and geochemical features, we propose that the efficient reactive bulk assimilation model suggested by Beard et al. (2005) could dominate in the Tonglu granitoids.
Enhanced crustal contamination by hot mafic magma recharging
In a convective, eruptive, or otherwise physically active magma, stirring of disintegrated CRX into the magma may be effective enough to reduce any heterogeneities (Beard et al., 2005) . In this case, it is difficult to observe heterogeneities on the scale of a hand-specimen. Heterogeneities on a mineral scale, for example the Sr isotopic composition of plagioclase, could however offer us an opportunity to identify CRX-derived melts and record detailed host-rock assimilation processes (Tepley et al., 2000; Pietranik & Waight, 2008; Ginibre & Davidson, 2014Tepley et al., 2000 . The type III plagioclases in the Tonglu granitoids are distributed close to the contact between host-rocks and CRX. They have low 87 Sr/ 86 Sr ratios in the core (0Á7084-0Á7086) and significantly more radiogenic Sr at the rim (0Á7097-0Á7112) (Fig. 9) Sr ratio (up to 0Á7112) are found in the Tonglu granitoids. Core-rim variations in the type III plagioclase are thus attributed to the assimilation of the country-rocks. As discussed above, the core-mantle variations of type IV plagioclase record the recharge of hot mafic magma injecting into felsic magma. From the mantle to the rim, the An and Sr contents of type IV plagioclase decrease while Sr CRX) during crystal growth. A combination of core-mantle-rim variations of plagioclase indicates that the recharge event took place prior to the assimilation of ancient crustal components. This scenario is similar to the RAFC model of recharging followed by assimilation (Spera & Bohrson, 2001 Bohrson & Spera, 2003) . Recharge of hot mafic magma into a preexisting magma chamber will not only increase the temperature of the magma chamber, but may also have the potential to create a mechanical and thermal overpressure large enough to induce intense shattering of the countryrocks (Furlong & Myers, 1985; Tait et al., 1989; Martin et al., 2006; Menand, 2011) (Fig. 14c) , both of which could have enhanced the process of reactive bulk assimilation.
Plagioclase: an effective recorder of magmatic processes
Plagioclase is a common mineral in mafic to felsic magmas with a wide P-T stability range and clear textural features, persisting to the most differentiated stages of the magma. Its Sr isotopic composition zoning can be employed to constrain the evolution of the magma more clearly than other minerals (e.g. pyroxene) (Bezard et al., 2014) . As discussed above, large variations in An, FeO and Sr isotopic composition of single plagioclases from the enclave-bearing Tonglu granitoids indicate extensive magma recharge, mixing and reactive bulk assimilation during the magma evolution (Figs 9 and 14) . The transport of heat and material by magmatic processes (RAFC) are well documented in plagioclase. Sr isotope composition of plagioclase has also been widely used in other magmatic systems (e.g. MORB, rhyolite and maficultramafic intrusions) to constrain the magma sources, deep dynamic processes and mineralization (Lange et al., 2013; Bezard et al., 2014; Cao et al., 2014; Chen et al., 2015) . Particularly, with the development of novel analytical techniques, a combination of in situ Sr isotope and other isotopic systems such as O, Pb and Li in plagioclase could provide important constraints on the geological processes involved (Font et al., 2008; Cabato et al., 2013; Bezard et al., 2014) .
CONCLUSIONS
Hybridization has left petrological and geochemical fingerprints (e.g. MME, CRX and complex compositional zonation within plagioclase) in the Tonglu granitoids. Zircon U-Pb geochronology indicates that the MME and granitoids formed coevally at $130 Ma. Field and petrographic observations, together with elemental and whole rock Sr-Nd-Hf isotopic data, indicate that the MME could have been generated by mingling and/or mixing of mafic magma and more evolved felsic magma. Petrographic observations and whole-rock elemental and Sr-Nd isotopic data for CRX also demonstrate that the process of reactive bulk assimilation has occurred in the Tonglu granitoids.
Due to the relatively fast cooling rate at shallow emplacement depths (4Á4-6Á6 km), plagioclase zonation was preserved in the Tonglu granitoids. The Sr ratio (down to 0Á7075) from core to mantle and significantly more radiogenic Sr (up to 0Á7117) in the rim of one plagioclase grain studied suggest that the recharge event took place prior to the assimilation of ancient crustal components. Recharge of hot mafic magma into the pre-existing magma chamber not only increased the temperature of the magma, but also may have induced intense shattering of the brittle country-rocks, both of which could have enhanced the process of reactive bulk assimilation.
